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lowered the average for this group, but the small number of samples

available would appear to make these averages suspect anyway.

Mineralization Restrictions?

The report on the bedrock geology of the study area by Weiblen and

Cooper (1977) contains sections with which the MDNR is not in total

agreement.. These are the sections on "Interpretative Geology" and

"Recommendations", specifically. These sections contain speculations or

ideas that infer relationships between the basal contact (at the bedrock

surface) and mineralization in the basal zone, which are not substantiated

by the data collected, or developed, during this resource study.

The location of the intersection of the basal contact of the Duluth

Complex with the present bedrock surface is a product of the original

location of emplacement and subsequent events. Therefore, it is possible

that there is no direct or causal relationship between the present

erosional surface and sulfide mineralization. There is, however, a

distinct economic relationship between the location of the basal contact

on the erosional surface and the search for exploitable mineralization in

the basal zone. Using an average assumed dip of 250 -300 , one can see that

the limits of geophysical penetration are exceeded very quickly, and

drilling is the only practical means of testing the zone. Drilling is

very expensive, as is developing a deep ore body, so efforts are concen­

trated along the strip where the basal zone surfaces.

Weiblen and Cooper (1977) state that the economically interesting

sulfides are restricted to a zone about 0.5 km wide along the basal contact.

They completed a petrographic examination of samples from a 10 km traverse

along State Highway 1, which is roughly normal to the contact. Modal

abundances of orthopyroxene, opaque minerals, and biotite show exponential
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decreases in moving to the southeast, away from the contact. Weiblen and

Cooper speculate that perhaps an exponential function would also describe

the lateral and down-dip extensions of mineralization. They also suggest

that the inferred faults on the new geologic map may be genetically

related to the mineralization and, therefore, may be guides for exploration

and of possible use in ore estimation.

These concepts were examined in light of the information made

available for this resource study. Figure 28 shows the mineralized areas

as determined during this resource estimate. The inferred faults of

Weiblen and Cooper have been drawn on the map to show the spatial relation-

ships between them and the mineralized zones. The map shows a somewhat

ambiguous relationship between the two. There may be a genetic relation-

ship, but from the data available, it is not readily apparent or consistent.

The mineralization is shown to occur almost two miles away from the contact

and would appear to contradict the 0.5 km wide mineralized zone mentioned

in Weiblen and Cooper (1977). The Amax exploration shaft is nearly a mile

from the basal contact, and there is one mineralized hole in the Amax area

that is nearly two miles from the basal contact. The idea that sulfides

decreased exponentially away from the contact would appear to be true,

according to Weiblen and Cooper's data, when moving along the surface.

This direction of movement, relative to the basal zone of mineralization,

is also vertical, away from the expected mineralization. Thus, one might

expect the devrease in products of a diffusion reaction such as is

hypothesized by Weiblen and Cooper.

Two things were done in attempting to test the hypothesis that a

down-dip limit to mineralization exists. The first thing that was done

was to determine the total feet-percent copper in all of the holes where
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the necessary data was available. The histogram in Figure 29 shows the

distribution for the 116 deterlninations. The curve above represents a

doubling of the interval (0-50, 50-100, etc.) and shows the distribution

to be approximately lognormal. Figure 30 shows the histogram of the log

values in a near normal distribution. Doubling of the log intervals makes

the distribution appear more normal with a slight skew towards the low

end, as shown in Figure 31. The lognormal distribution shown here is

followed by many sets of geological data, especially trace elements

according to Koch and Link (1970).

The feet-percent copper values for the drill holes used were then

plotted versus distance from the contact, as measured from the nearest

point. Figure 32 shows all of the points in this plot, and three lines

derived from them. The distribution of data points per 1000 foot interval

of distance from the contact shows that there is an exponential decrease

in the number of drill holes, moving away from the contact. The average

feet-percent copper values per 1000 feet of distance from the contact and

the log· average of feet-percent copper per 1000 feet of distance from the

contact are also shown on this figure. These points form lines that have

average slopes of essentially zero, indicating that the average total

feet-percent copper in these 116 drill holes does not decrease away from

the contact. Correlation analysis between feet-percent copper and

distance from the contact indicates a slight but significant positive

correlation between the two variables. The coefficient of determination

(r 2) equals +0.11 for this data. The curve fit to the data was

y = a+b log x. The regression coefficients ( a and b) are given in the

figure. The values obtained by fitting the data to the exponential curve

y = aebx are also shown on Figure 32.. The coefficient of determination

by this method is +0.11, exactly the same as in the log curve fit.
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The second major test of the down-dip limit hypothesis was to

compare the thicknesses of the >0.5% copper zones to the distances away

from the contact. These data points are shown in Figure 33, along with

the graph of the numbers of data points per 1000 feet of distance from

the contact, and the average values and log-average values for each

1000 foot interval. The data points per 1000 foot interval show an

exponential decrease away from the contact, similar to the feet-percent

graph of Figure 32. The average and log-average lines show slight

negative slopes of about -0.1, indicating a slight decrease in thickness

of the ~0.5% copper zones away from the contact. The correlation analysis

fitting the data to both the log curve y = a+b log x and the exponential

curve y = aebx produced identical coefficients of determination. The r 2

values were -0.01, indicating no significant correlation between the

thickness and distance from the contact. The relative frequency of the

thicknesses of the ~0.5% copper zones is lognormal as is shown in Figure 34.

The data presented here show that there is little correlation

between mineralization in the basal zone and distance from the surface

intersection of the basal contact. Mineralization is shown to exist

nearly two miles from the basal contact in quantities and grades that are

economically interesting. The amount of data available decreases expo­

nentially with increasing distance from the contact, mainly because of

high drilling and development costs at 'the greater depths likely to be

required .

Exploration

Exploration is continuing in the Duluth Complex with at least three

major companies still drilling. Exxon and Duval iare still drilling as of

this writing and Amax is drilling and working on their exploration shaft
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and drifts. Companies still maintaining property control include INCO,
I

Hanna, American Shield, and United States Steel. Exploration in the

Complex is difficult and expensive because of the general depth of the

mineralized zones. Drilling is virtually the only exploration tool used

where mineralization is expected to occur deeper than 1000 feet. Methods

such as Induced Polarization and various electromagnetic methods have

been used in searching for shallower mineralized zones. Magnetics and

gravity may also be used throughout the Complex, but interpretation

becomes extremely difficult and tenuous where the deep mineralization is

concerned.

Facts that have corne to light as a result of this study of the

known resources in the Duluth Complex, may be of help in future exploration.

First and foremost is the fact that near-surface mineralization has been

shown to occur at a considerable distance from the contact. This means

that near-surface anomalies further out in the Complex should not be

ignored and that the more usual geophysical methods may be of some use.

Geochemical methods have been shown to work well for locating near-surface

mineralization along the contact in the Duluth Complex (Alminas, 1975),

and, therefore, should not be overlooked as an exploration tool away from

the contact.

A second feature of the mineralization associated with the Duluth

Complex that is of significance to explorationists is the fact that

mineralization commonly occurs below the Complex, regardless of the foot-

wall rock-type. The cross sections presented earlier (Figure 4 - 15)

illustrate mineralization that transects the footwall contact, and other

holes have mineralization wholly below the footwall contact. The most

extreme example known is in the Dunka Pit area in hole NM-13. Minerali-
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zation occurs in the Virginia Formation hornfels near the top of the hole,

in the Biwabik Formation, 140 feet down, and in the Giants Range Granite

over 400 feet deep at the bottom of the hole. The deepest mineralization

in NM-13 has 40 feet of 0.68% copper and averages 0.56% copper over 50 feet,

but did not satisfy the cutoff grade criterion and was not used in the

resource estimate. This and other examples indicate that significant

mineralization may occur below the Duluth Complex, mineralization that may

be missed through premature termination of drilling. The interfingering

of rock-types in the basal contact zone and the unpredictable occurrence of

the mineralization below the Complex should encourage or justify drilling

below the footwall contact in at least some holes.

Explorationists working in the Duluth Complex in search of copper­

nickel mineralization will certainly recognize significant mineralization

of the visible or obvious types. The possible occurrence of economic

platinoids, which may not be obvious or even visible, should also be given

consideration during exploration. The two factors mentioned above would

also appear worthy of considerable thought when planning exploration

programs.

Resource Potential

The potential for valuable or economic mineral deposits within a

given area is difficult to determine even when the bedrock geology is

known and some exploration data are available. The two main categories

of mineralization which have potential in the Study area are iron in the

Biwabik Formation and the Duluth Complex types discussed in the section

entitled "Possible Resources".

The Biwabik Formation, where it is relatively shallow and mineable

with open pit methods, has great potential--the highest in the Study area.
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This is shown in Figure 35 as the area of the bedrock exposure from

Vleiblen and Cooper's 1977 geologic map. The presence of economic iron

deposits in the Biwabik Formation is illustrated by the three mines in the

map area: Erie's main mine area, the Dunka mine, and Reserve's Peter

Mitchell mine. The Biwabik Formation is a sedimentary unit with distinct

mappable members which are generally continuous along the strike of the

formation. It is not known what the thicknesses of the members are between

the operating mines, but it is assumed that economic thicknesses of the

presently mined members do exist and that they are of ore grade. This

assumption means that the whole outcrop area is exploitable for taconite,

using current processes, except for any oxidized zones that may occur, but

with presently available technology even these zones can be exploited.

The known down-dip extension of the Biwabik Formation is shown on Figure 35

as possible underground taconite potential. The Formation is known to exist

at least this far down-dip, but nothing is known about its thickness or

grade. Thickness data from a few drill holes was presented in Figure 20

and Table 3 in the Iron Resources section. This area should be considered

as potential, but probably only in long-term planning.

The mineral potential in the Duluth Complex is also very good, but

has been divided into two sections. The approximately three mile wide

band along the contact has been designated as the area of highest potential.

This is because all of the identified resource exists within two miles of

the contact. There are no known economic deposits in this zone, but some

are being evaluated at this time. The resources in this area represent

both potential open pit and underground mines. Based on the evidence

compiled during this study, the potential for mineralization of the type

and grades identified in this estimate occurring in the Duluth Complex
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more than three miles away from the contact is good. Evidence for

significant mineralization occurring outside of the basal zone has been

presented in another section, and there is no indication of a down-dip

limit on mineralization in the basal zone. The fact that very little is

known about the subsurface geology, outside of a two mile strip along the

contact, cannot be overemphasized. There are also vast areas in which

the bedrock is completely covered and the bedrock geology is not known.

Because of these factors, even areas that are covered by anorthositic

series rocks have the same good potential for copper and nickel minerali­

zation existing below them. The depths to the possible mineralized areas

are completely unknown because no one knows what happens to the basal

zone outside of that two mile wide strip. Does the average dip of about

250 continue? Does the dip decrease, increase, or even reverse? Are

there mineralized zones (of any type) near the surface in the vast

covered areas of the Duluth Complex? These are questions for which there

are no answers at this time. It appears there are no reasons for con­

cluding that the area outside the three mile wide band shown in Figure 35

is of low potential, when so little is known about the area and when

positive indicators such 'as those mentioned above exist.

The areas shown in Figure 35 that are not discussed above are

generally of low potential, based on presently available data. They are

not without potential, however. Barren sulfide zones are known in the

Virginia Formation and sedimentary economic sulfides are possible. The

Virginia Formation is also a possibility for uranium mineralization. The

Giants Range Granite is known to contain showings of fluorite and may be

of interest for uranium. The resource potential for these areas is

generally much lower than the other areas discussed.
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It is important to realize and stress that certain assumptions are

necessary for the compl~tion of a resource study of the type reported here.

Because of limits on available time and information, the following

assumptions were made. Continuity of the mineralized zones between holes

and throughout the calculated area of influence for each hole, or the

absence of these zones, is the major assumption. The cross-sections

presented earlier illustrate that the chance of error because of this

assumption is significant and must be considered in evaluating the results

of this study. The attitude of the mineralized zones was assumed to be

horizontal for the purpose of the calculations and the thicknesses of

angle hole mineralized zones were reduced to vertical thicknesses. This

was done because of the variable geologic data available and to insure

that the tonnage estimates would be conservative. Assumptions other than

these were made but should not severely affect the basic estimates, and

they have been explained in the text.

Data presented in this report shows that basal zone mineralization

is not the only mineralization that occurs in the Duluth Complex. The

mineralized zones that are known to occur above the basal zone may (and

should) encourage exploration further out in the Complex, possibly

resulting in other similar discoveries.

Correlation analyses of the available data shows that there are no

correlations between the thickness of mineralization, or total feet-percent

copper, or copper-nickel ratio and distance from the contact. Therefore,

no limit can be set for the possible occurrence of mineralization down-dip.

The potential for the existence of significant copper-nickel

mineralization appears to be good in all areas of the Duluth Complex and

excellent in the area close to the contact. Even though mineralization is
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not known in the anorthosites, there would appear to be a good chance for

mineralization below the anorthosites. The depths are, of course,

completely unknown at present and will likely remain so until new holes

are drilled. The potential for titanium mineralization is also good

throughout the Complex, as this material is known to exist well away from

the contact. The potential for other types of mineralization is harder

to define except to say that they are possibilities. The fact that so

much of the geology of the Duluth Complex is unknown, because of the

glacial overburden, complicates any attempt at assessing the mineral

potential.

The value of the metals estimated to be in the Duluth Complex has

been computed at approximately current prices. The value of the copper

is about $40,656,000,000 for 4.4 billion tons at 0.66% copper (~.50% copper

cutoff), 70 cents per pound, and 100% recovery. INCa reported an 88%

recovery of Gopper from their Spruce Pit area bulk sample testing, and

using,that fig4re, that value comes to $35,777,000,000. The nickel value

is $42,240,000,000 for 4.4 billion tons at 0.2% nickel, $2.40 per pound,

and 100% recovery. Using INCO's recovery figure of 65%, the value is

$27,456,000,000. These figures are quite impressive, but one must

remember that they are purely hypothetical because all of the resource

can never be mined, and there is no value if left in the ground.
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